Substitution rates in pseudogenes can be used to estimate the frequencies of different types of mutation on the assumption that pseudogenes are not subject to selective constraints. These rates are used here to investigate the effect of neighboring bases on mutation rates. There is a marked increase in the frequency of transitions, though not of transversions, from the doublet CG. There are also some smaller effects of neighboring bases on the frequencies of transitions from adenine and thymine. The results are used to predict dinucleotide frequencies in a stretch of DNA subject to no selective constraints and to investigate the possibility of nonrandomness in the usage of stop codons.
Introduction
Since pseudogenes are apparently functionless (Li et al. 198 l) , substitution rates in them should be proportional to mutation rates-and can be used to estimate the relative frequencies of different types of mutation. Gojobori et al. (1982) and Li et al. (1984) have used this fact to estimate the pattern of point mutations in nucleotides and have observed a high frequency of transitions from CG dinucleotides, which can be explained by the observation that at this doublet in vertebrates there is a high level of methylated cytosine that mutates abnormally frequently to thymine (Coulondre et al. 1978; Bird 1980; Razin and Riggs 1980) . The purpose here is to investigate systematically the effect of neighboring bases on substitution rates in pseudogenes in order to estimate the magnitude of the CG effect and to determine whether other neighbor effects exist.
Material and Methods
The following 14 vertebrate pseudogenes were studied: human beta-tubulin ~7 and ~14 (Lee et al. 1983) ; Xenopus 5s rRNA (Jacq et al. 1977; Miller et al. 1978) ; human U 1 small nuclear RNA ~1, 7, 8, 11, 10 1 (Denison et al. 198 1; van Arsdell et al. 198 1; Monstein et al. 1983; Lund and Dahlberg 1984) ; human immunoglobulin V-kappa (Bentley and Rabbitts 1980; ; human immunoglobulin C-epsilon ~3 (Flanagan and Rabbitts 1982; Max et al. 1982; Ueda et al. 1982; Hisajima et al. 1983) ; human and mouse alpha-globin (Proudfoot et al. 1977; Heindell et al. 1978; Nishioka and Leder 1979; Michelson and Orkin 1980; Proudfoot and Maniatis 1980) ; rabbit and goat wx beta-globin (Hardison et al. 1979; Konkel et al. 1979; Lacy and Maniatis 1980; Lawn et al. 1980; Clear-y et al. 1981; Schon et al. 1981) .
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Sequences were taken from the GenBank and EMBL nucleic acid data banks. Each pseudogene was aligned with the relevant functional gene, using the published alignment allowing for insertions and deletions as required and considering only the coding region of the gene. To ensure that the direction of any observed change was known, only those sites were used at which one could be reasonably confident that no change had occurred in the functional gene since the origin of the pseudogene. The following criteria were used to this effect: (I) All sites were used for the two RNA genes, following Gojobori et al. ( 1982) , since nucleotide substitution is so slow in such genes that it is safe to assume that no substitutions have occurred in the functional genes. (2) For beta-tubulin and immunoglobulin C-epsilon only those sites in the functional gene were used at which a nucleotide substitution must cause an amino acid replacement, following Li et al. (1984) . The amino acid sequence is highly conserved in these genes, so that it is safe to assume that no change has occurred in the functional gene at these sites; but it would be unsafe to make this assumption with respect to the remaining sites at which synonymous substitutions are possible. (3) For the more variable immunoglobulin V-kappa and globin genes, only those sites in the functional gene were included at which the observed nucleotide was the same as the consensus nucleotide for the sequences of two or three species (man and mouse for the immunoglobulin V-kappa gene; man, mouse, and rabbit for the alpha-and betaglobin genes); if no consensus (i.e., strict majority) existed, the site was excluded.
No obvious evidence of gene conversion was seen in any of the pseudogenes studied. Even if it had been present it would not have affected the conclusions reached about the relative frequencies of different substitutions. Table 1 shows substitutions summed over all 14 pseudogenes and over both the coding and the noncoding strands. (A preliminary analysis showed no difference between the two strands, as expected a priori. For example, transitions from A to G on the coding strand are about as frequent as those from T to C, which correspond with the transitions from A to G on the noncoding strand.) Only the first half of the table (for A and C) is shown, since the full table is point symmetric about the center. The two types of transversion (C or T from A, A or G from C) are about equally frequent and will be pooled in future discussion. Note that transitions are more frequent than transversions and that substitutions are more frequent from C or G than from A or T, in line with previous results (Gojobori et al. 1982; Li et al. 1984) .
Results
To assess the effect of a neighboring nucleotide, it is necessary to ensure that that nucleotide has not changed; in addition to the exclusions at the site itself, mentioned above, any sites that were followed by insertions or deletions in the pseudogene or for which the neighboring nucleotide differed in the functional gene and the pseudogene were also excluded. The effect of the base on the right on substitutions in the pseudogene is shown in table 2. As before, data have been summed over all 14 pseudogenes and over both the coding and the noncoding strands. It is not necessary to consider separately the effect of the base on the left since this is given by symmetry; for example, the number of transitions from A with G on the right is equal to the number of transitions from T with C on the left. There is no evidence of any effect of the neighboring base on the frequency of transversions. There is a large neighbor effect on transitions from C, one that results entirely from an increased frequency with G on the right; note that CG is self-complementary, so that there is a similar increase in transitions from G with C on the left. There are also smaller neighbor effects, which are similar in kind, on transitions from A or T; the transition frequency from either of these bases is reduced by having G on the right (or C on the left) and is increased by having T on the right (or A on the left).
The CG effect probably results from the occurrence of methylated cytosine in this doublet in vertebrates and accounts for the deficiency of CG doublets (Bird 1980) . Since there is variability in the degree of CG doublet deficiency between different parts of the genome (Smith et al. 1985) , it is of interest to see whether there is any variability in the magnitude of the CG effect between pseudogenes derived from different functional genes. Table 3 shows that there is no evidence of heterogeneity, but the data are somewhat inconclusive since immunoglobulin V-kappa and beta-globin are the only genes in the table with a large CG-doublet deficiency. For simplicity, the analyses in tables 1 and 2 have been performed on pooled data. Since it is possible under some circumstances to obtain spurious results when pooling contingency tables, a more complicated analysis was done on the unpooled data using a logistic regression model with the statistical package GLIM (McCullagh and Nelder 1983) . The conclusions were identical. In particular, there was no difference between the behavior of processed and nonprocessed pseudogenes.
The results in table 2 can be used to estimate substitution rates (relative to an arbitrary time scale) as follows: ( 1) For transversions, there is no evidence of a neighbor effect, and the substitution rate can be estimated as the overall ,proportion of substitutions-which is 0.028 from A or T and 0.046 from C or G-divided equally between the two types of transversion. (2) For transitions from C, the rate can be taken as 0.060 with A, C, or T on the right, since there is no evidence of heterogeneity between these three bases on the right. The frequency of transitions from C with G on the right is 0.440, but this figure should be increased to 0.580 (= -ln[ l-0.441) in estimating the transition rate to allow for the nonlinearity in the graph of frequency of substitution plotted against time. (This calculation assumes that the proportion of unchanged CG doublets declines exponentially with time. The correction is unnecessary for the other, much smaller frequencies.) There is no effect of the base on the left on transitions from C, since there is no effect of the base on the right on transitions from G. By symmetry, the transition rate from G with A, G, or T on the left is 0.060, and with C on the left it is 0.580; there is no effect of the base on the right. 
Discussion
The main conclusion is that there is a tenfold increase in the frequency of transitions in CG doublets in vertebrates, an increase that can be attributed to the high frequency of methylated cytosine in this doublet. There are also some smaller effects of neighboring bases on frequencies of transitions from A and T. These neighbor effects will introduce nonrandomness into the sequence of nucleotides. Table 4 shows the predicted dinucleotide frequencies in a stretch of DNA with the substitution rates estimated above and subject to no selective constraints. It is AT rich, a characteristic observed in vertebrate noncoding regions (Gojobori et al. 1982) . There is a reduction in CG doublets to about one fifth of the frequency expected under independence; there is an increase of -25% above expectation in the frequencies of CA, TG, AG, and CT doublets. These predictions agree qualitatively with observed dinucleotide frequencies in vertebrates (Bird 1980; Nussinov 1984) , though no information is available for noncoding regions. The main exception is that the observed deficiency of TA doublets is not predicted in table 4. A model incorporating the CG effect but ignoring the neighbor effect for A and T predicts a similar decrease in CG doublets and a similar increase in CA and TG doublets (which are reached from CG by a single transition) but a smaller increase (by 9%) in AG' and CT doublets. (The dinucleotide frequencies were condensed from the equilibrium distribution for trinucleotides, which was obtained by using the theory of continuous-time Markov processes [Cox and Miller 19651 . To obtain numerical results by an iterative procedure it was assumed that dependencies in the sequence do not extend farther than two bases either way; this is not exactly true but should provide a satisfactory approximation.)
These results are also of value in interpreting codon usage. Consider as an example the usage of the three stop codons TAG, TAA, and TGA, which will be numbered 1, 2, and 3. If mij is the rate of mutation from stop codon i to stop codon j, the relative frequency, in the absence of selection, of stop codon i, pi, satisfies the differential equation z = 2 mjipj -2 mijpi.
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(1)
(Any mutation to a non-stop codon can be ignored, since it will be rapidly eliminated.) Setting these equations to zero and observing that ml3 = m31 = 0, since TAG and TGA are not connected by a single step mutation, we find that the equilibrium frequencies should be
(k = m21 m32 + ml2 m32 + ml2 md
From the results at the end of the last section, the mutation rates in vertebrates are estimated as ml2 = m32 = 0.06,
The equilibrium frequencies of the three stop codons in vertebrates should therefore be 
p3 = 0.26. Table 5 shows the observed stop codon usage in a number of species. Only the Epstein-Barr virus seems to have the predicted random usage. All the other species avoid TAG, some having a preference for TGA, others for TAA. These facts suggest that selective pressures act on stop codon usage as they do on the usage of amino acid codons (Ikemura 1985) . Two possible selective factors are (1) differential recognition by the release factors that catalyze termination and (2) differential misreading by tRNAs leading to readthrough.
However, at least part of the preference for TGA in vertebrates may be due to the general tendency to avoid the doublet TA, a tendency that is not accounted for by mutation rates derived from table 2. 
